ABSTRACT: Restoration and modeling of endangered species is challenging when the available data are sparse and the environmental conditions are stochastic. Using white abalone Haliotis sorenseni, a critically endangered marine broadcast spawner with spatially patchy remnant populations in southern California (USA), as an example, we developed an individual-based model that describes density-, temperature-, and habitat-dependent biological processes. Using the model, we evaluated hypothetical stocking strategies including spatial distribution and size of stocked abalone and initial density of resident abalone. Our results show that stocking strategies for the modeled white abalone populations benefited most when stocking locations had resident abalone and when stocked abalone were large in size. We also examined the potential influence of the spatial structure of the habitat (i.e. percentage of suitable habitat and spatial distribution of habitat cells), ocean warming, and poaching on restoration outcomes. We found that the percentage of suitable habitat greatly affected population dynamics, with more suitable habitat resulting in a slower decline in population growth and recruitment, as well as a higher and more stable proportion of intermediate-sized abalone. The spatial distribution (random or clustered) of habitat cells and of stocked abalone had less of an impact on model outcomes. Elevated temperature and poaching both had strong negative impacts on abalone population growth in the model. Given the spatial structure of the habitat and population, ocean warming and poaching are considered critical factors in the development of restoration strategies for endangered broadcast spawners.
INTRODUCTION
Broadcast spawners have external fertilization, releasing gametes into the surrounding water (Levitan & Sewell 1998 , Baker & Tyler 2001 . Dense aggregations of adults facilitate successful fertilization when high concentrations of eggs and sperm are released. Reduced population density and spatial separation between nearest-neighbor adults can have longlasting negative impacts on fertilization success, recruitment, and population dynamics. This reproductive Allee effect (i.e. density-dependent fertilization success) has been well documented for broadcast spawners including the sea urchin Dia dema antillarum (Levitan 1991) and abalones Haliotis spp. (Babcock & Keesing 1999 , Button 2008 , Coates & Hovel 2014 , which show nonlinear declines in fertilization success with reduced population density. Therefore, reducing densities through exploitation and poaching can have dramatic negative impacts on the population dynamics of broadcast spawners.
Abalones are marine broadcast spawners with a long life span (up to 30−40 yr; Cox 1960 , Andrews et al. 2013 , slow movement, and highly variable recruitment (Hobday & Tegner 2000) . The complex life history of abalones makes their population dynamics prone to environmental stochasticity and also makes their populations vulnerable to intensive exploitation (Karpov et al. 2000 . For example, laboratory studies have shown that temperature greatly affects abalone growth and reproduction (Leighton 1974 , Rogers-Bennett et al. 2010 . Abalones once supported a valuable commercial fishery in California (USA); however, the fishery suffered a serial depletion and finally collapsed in 1997 (Hobday & Tegner 2000) . In 2001, white abalone H. sorenseni became the first marine invertebrate listed under the US Endangered Species Act, followed by the black abalone H. cracherodii in 2009. Today, white abalone populations are on the brink of extinction, with low population density being the major threat (Stierhoff et al. 2012 , Catton et al. 2016 . Without effective restoration actions, white abalone are projected to reach the quasi-extinction threshold of 1000 individuals in the wild in the next 15 yr (Catton et al. 2016) .
Restoration of endangered marine broadcast spawners is challenging due to (1) the low density of remnant populations that may limit the success of reproduction through the Allee effect, (2) limited data (e.g. survival information) that may impede the success of restoration efforts, and (3) varying environmental conditions (e.g. warming ocean temperature) that may limit the survival of stocked juveniles in the wild. The high fecundity of broadcast spawners makes their captive breeding and stocking feasible (Rogers-Bennett et al. 2016a) , although success of captive breeding is still limited by the scarcity of brood stock and low spawning success. Restoration strategy evaluations can take advantage of simulation modeling that can fully use available data and also incorporate uncertainty.
Individual-based models have been widely used in the conservation and management of endangered species (and species of concern) to evaluate possible restoration strategies or simulate extinction risk. The models track the life history processes (e.g. growth, survival, and reproduction) of each individual in a population; these life history processes are tailored to individual biological characteristics, environmental variability, and individual strategies adapting to the changing environment. For example, individualbased models have been used to evaluate the effects of temperature and fishing on red abalone H. rufescens (Hobday & Tegner 2002 ) and spiny lobsters Panulirus penicillatus (Chang et al. 2010) . Coates & Hovel (2014) developed an individual-based model to simulate fertilization success for pink abalone H. corrugata.
In this study, using the white abalone off the southern California coast as an example, we aimed to (1) develop an individual-based model for endangered marine broadcast spawners that incorporates spatial structure of the habitat as well as environmental stochasticity; (2) evaluate hypothetical stocking strategies including the spatial distribution and size of stocked abalone and initial density of resident abalone; (3) investigate the influences of habitat spatial structure (i.e. the percentage of suitable habitat and the spatial distribution of habitat cells, i.e. random or clustered), (4) investigate the impacts of ocean warming, (5) assess the impacts of poaching (illegal harvesting) on the efficacy of stocking strategies; and (6) make recommendations based on the model results for implementing a restoration plan for white abalone.
METHODS

Model spatial structure
Our model simulated a hypothetical spatial area of 10 000 m 2 (100 × 100 m; 1 ha) with suitable and less suitable habitats structured within this area (Fig. 1) . The region included 100 habitat cells, and each habitat cell was 100 m 2 (10 × 10 m). In the model, we used 2 types of habitat cells to represent suitable and less suitable habitat. We qualitatively related habitat suitability to abalone population dynamics. In the model, carrying capacity (i.e. maximum density of a habitat cell) and fecundity were affected by habitat suitability.
Temperature was defined as sea surface temperature (°C) and varied monthly in the model (Fig. 2) . We repeatedly appended a 1 yr average temperature dataset from San Diego, California, to simulate a 100 yr time series. For each month, we generated a temperature based on a normal distribution with a mean of the observed average monthly temperature (January: 15°C Winant & Bratkovich [1981] and Nezlin et al. [2004] ). The CV was randomly selected from values between 5 and 10% for each month. Temperature did not vary among habitat cells. Water temperature data were available from the National Oceanic and Atmospheric Administration National Oceanographic Data Center (https://www.nodc. noaa.gov). For future modeling work, the temperature time series can be adjusted in the model as desired for a specific location with a temperature time series.
Model parameters and assumptions
Growth
Model parameters are summarized in Table 1 . Settlement size of white abalone at 1 wk of age was set at 0.3 mm (Table 1; L. Rogers-Bennett unpubl. data) . First month growth after settlement was a random size between settlement size (0.3 mm) and the maximum observed size at 36 d of age in the laboratory (1.2 mm; Leighton 1972) . White abalone were observed to reach sexual maturity at a length of 88 to 134 mm in a wild population (Tutschulte 1976 ). We used a Bernoulli distribution to determine sexual maturity for each individual within this size range. A value of 0 or 1 was generated with a success probability of 0.85 for each individual between 88 and 134 mm; individuals receiving a value of 1 were assumed to be sexually mature, and individuals receiving a value of 0 were not mature yet. Abalone >134 mm were assumed to be 100% sexually mature, and abalone < 88 mm were assumed to be immature. The maximum size of white abalone has been reported to be 200 to 250 mm (Cox 1960 , Leighton 1972 . A maximum size of 250 mm was used here.
The von Bertalanffy growth model (Quinn & Deriso 1999 ) was used to describe individual growth in a monthly time step (Fig. 3a) :
where ΔL is the length increment (mm) during the month, Δt = time period of 1 mo, and L is the length at the beginning of the month. Fig. 2 . Simulated time series of the monthly temperature (°C) pattern used in the model. The dashed line was generated using an observed average pattern. The dotted line was generated using a pattern elevating the observed average pattern by 3°C, and was used to simulate warming ocean temperature abalone was collected, and were supported by a study that used a bomb radiocarbon dating technique (Andrews et al. 2013 Optimum growth for congeners of white abalone has been reported at 15 to 23°C, and lower or higher temperature decreases the growth rate (Leighton 1974 ). In the model, temperature influenced K, decreasing it in months with a temperature below 15°C or above 23°C, according to a scalar ranging from 0 to 1.25 ( Fig. 3b ; Hobday & Tegner 2002) . Thus, the value for K was 0 at low (<10°C) or high (> 28°C) temperatures, and was 1.25 times the 'normal K ' at the optimum temperature for growth.
Survival
Natural mortality generally declines with age for abalone (Tegner & Butler 1985 , Shepherd & Daume 1996 , Leaf et al. 2007 . In this study, we assumed the post-settlement monthly natural mortality (M ) for abalones smaller than 90 mm, abalones between 90 and 180 mm, and abalones larger than 180 mm to be 0.06, 0.01, and 0.02, respectively. The mortality rates for young and adult abalone were calculated based Table 1 for more details of the parameters and their calculation on an annual survival estimate for juvenile (Tegner & Butler 1985 , Davis 1995 and adult (Tegner 1989 ) red abalone Haliotis rufescens. We increased the natural mortality for old abalone to simulate the senescence of individuals (Fig. 3c; Vetter 1988 , Hampton 2000 , Tang 2012 ). The post-settlement monthly survival rate S was calculated as:
Each month, each abalone was randomly assigned a value of 0 or 1, which was generated from a Bernoulli distribution with a success probability of S. Individuals that received a value of 1 would survive to the end of that month, and those that received a value of 0 would die.
In laboratory observations, mortality of adult white abalone occurred when temperature exceeded 18 to 19°C. In the model, for months with a temperature >18°C, higher temperature linearly increased the mortality rate M by up to 50%, i.e. the mortality was M at temperatures below 18°C, and linearly increased from M at 18°C to 1.5× M at 25°C (Fig. 3d) .
Reproduction
Abalone were assumed to spawn during February through April (Tutschulte 1976 , Hobday & Tegner 2000 . Each individual was randomly determined to spawn in 1 of the 3 spawning months. Abalone fecundity is related to size, and in the model, the size-specific fecundity (F, number of eggs per female, Fig. 3e ) was derived from a study on fecundity of wild female white abalone with the relationship between shell length and body weight (Tutschulte 1976) :
where W is body weight (g) of individuals, and f = 9052 is the mean number of eggs per gram of female body weight. Fecundity was also influenced by temperature and habitat quality. In the model, the value for f was reduced by 40% when the annual average water temperature was >18°C, and was also adjusted by multiplying a scalar of 1 or 1.25 according to the habitat quality (Fig. 1 ). Fertilization success was described by a fertilization radius (h = 4 m; Babcock & Keesing 1999) of a female and a separation distance (d) from the female to each male (Hobday & Tegner 2002 ). An exponential decay relationship (Coates & Hovel 2014) was derived using the field estimates from Babcock & Keesing (1999) . This relationship assumed that the males farther away from the female would contribute less to fertilizing eggs ( Fig. 3f) :
Males within the fertilization radius were ranked by their distance to the female, and the number of eggs fertilized was calculated individually through the rank. For example, the closest male would fertilize eggs first with a fertilization success of G (Eq. 4); the remaining eggs would be fertilized by the second closest male with a fertilization success of G; this calculation would continue until all subsequent males were evaluated. Those males outside this fertilization radius would not participate in fertilizing the eggs produced by this female. The total number of fertilized eggs was obtained by summing the contribution of each male within the fertilization radius. Adult abalones have limited movement after larvae disperse and settle to a suitable habitat (Shepherd 1973 , Tutschulte 1976 , Hobday & Tegner 2000 . Therefore, the model did not incorporate adult movement or aggregation after settlement, and assumed a 100% spawning synchrony between each female and the males within the fertilization radius.
Larval survival, dispersal, and settlement Larval survival of white abalone has been assumed to be low (Hobday & Tegner 2000) , and was reported to be best at 16−18°C, and 0 below 10°C or above 20°C (Leighton 1972 ). In the model, larval survival (S L ) decreased linearly from 0.000015 at 16−18°C to 0 at 10°C and at 20°C (Fig. 3i) .
The likely scale of dispersal is less than 100 km for abalone larvae that are close to the bottom with a larval duration of 7 d based on a dispersal model simulation for red abalone (Rogers-Bennett et al. 2016b) . White abalone in the wild may have a longer larval duration of 8 to 10 d (Leighton 1972, L. RogersBennett unpubl. data) , and thus longer dispersal is likely for white abalone in the wild. In the model, we set the larval dispersal radius to be 100 km. This radius covered the whole modeled area in the case of white abalone, and thus, dispersal did not play a role in this particular application of the model. Space within this radius around a female was available for the larvae produced by this female to settle. In the model, we assumed all larvae settled within the modeled space even when the spawning female was located near a border. Future applications of the model may vary the dispersal distance to make it play a significant role in the outcome of the model. Larval settlement success was found to be high at 16 to 20°C and 0 at a temperature below 10°C (Leighton 1972 ). In the model, we adopted the relationship between settlement success R (%) and temperature T (°C) from Leighton (1972) , i.e. we digitized the data and re-estimated the relationship using a second-order polynomial curve (Fig. 3g) : R% = −377.14 + 53.64T − 1.52T 2 (5)
In the model, larval settlement success also depended on the density of the cell where the larvae were going to settle, with a factor of 1 at half the maximum density declining to 0 at the maximum density ( Fig. 3h ; Hobday & Tegner 2002) . The total number of settled larvae (N L ) within the dispersal radius (the whole modeled area for white abalone in this study) was:
where Q is the total number of fertilized eggs, and R' is the settlement success (%) scaled by the maximum density of a cell as described above. In this model, larvae settled at random locations within the dispersal radius of the spawning female (across all habitat cells in the modeled area for white abalone), and settlement was not influenced by the presence of adults. Sex was randomly assigned to each settled abalone with a 1:1 sex ratio, as observed for white abalone (Tutschulte 1976 , Hobday & Tegner 2000 . A size between settlement size (0.3 mm) and maximum first-month size (1.2 mm) was randomly given to each settled abalone, which simulated continuous growth within the first month after settlement (Hobday & Tegner 2002 ). Settlement would not be allowed when the overall density of residents within a habitat cell reached the maximum density of the cell (carrying capacity, as defined in the next subsection). Spatial distribution of individuals was only constrained by the maximum density of the cell, and thus, 2 abalone could be 0 to 10 m apart from one another within a cell. Settlement success was also assumed to decline linearly from R at half the maximum resident density to 0 at the maximum density (Hobday & Tegner 2002 ). This densitydependent settlement success represented intraspecific competition due to space and resource limitation.
Maximum density
The estimated density for the wild white abalone population before fishery collapse (i.e. before 1978) was poorly assessed. The density estimates are highly variable due to survey methodology limitations and local variation (Hobday & Tegner 2000) , ranging from a minimum possible estimate of 0.0479 m −2 over a broad geographic area (RogersBennett 2002) to 0.23 m −2 for a high-density patch (Tutschulte 1976) . In this study, we set the maximum density to be 0.23 abalone m −2 . This maximum density was set to decline in areas of poor habitat quality, i.e. the maximum density for suitable and less suitable habitats was calculated by multiplying the normal maximum density by a scalar of 1 and 0.75, respectively. Biologically, this model assumption represented the higher carrying capacity (e.g. food resource) in the better habitat.
Model initialization and replication
Initial size for each individual (Fig. 3j, Table 1 ) was assigned based on the size structure of the population from a survey conducted between 2002 and 2010 at Tanner Bank, California (Stierhoff et al. 2012) . Each abalone in the initial population was randomly assigned a sex with a 1:1 sex ratio. Ten replicates for each run were made. Each model run was simulated by monthly time steps for 100 yr, and the population characteristics (e.g. population size/density, length structure, recruitment) were updated each month. The model simulation flowchart is presented in Fig. 4 .
We determined the number of resident abalone and the number of stocked juveniles for our simulations through a sensitivity analysis. We tested combinations of 500 residents with 500 stocked abalone, 800 residents with 800 stocked abalone, and 1000 T or H in parentheses indicates that impact of temperature or habitat quality, respectively, was specifically incorporated in the model residents with 1000 stocked abalone. This sensitivity analysis was conducted under each of the scenarios listed in the following section except the poaching scenario. We decided to use the combination of 500 residents with 500 stocked abalone because the total number of individuals in the modeled space cannot reach the carrying capacity at any time during the simulation. Otherwise, we would not be able to observe the population dynamics in response to our model manipulations because the output would be constrained by the carrying capacity.
Model scenarios and interpretation
With the model, we conducted simulations to evaluate hypothetical stocking strategies and to investigate the impacts of habitat spatial structure and warming ocean temperature on the stocking strategies. Stocking strategy scenarios included: (1) stocked abalone randomly distributed or clustered (70% stocked abalone in suitable habitat and 30% in less suitable habitat; randomly distributed within each habitat type); (2) there were no initial residents or 500 initial residents at the time of stocking; (3) stocked abalone were 20, 40, or 80 mm in shell length. Habitat spatial structure scenarios included: (1) 50% suitable habitat or 30% suitable habitat, and (2) habitat cells were distributed randomly or in clusters; specifically, 50% suitable and 50% less suitable habitat were randomly distributed or clustered (suitable habitat cells in the center of the region surrounded by less suitable habitat cells around the periphery); 30% suitable and 70% less suitable habitat were randomly distributed or clustered; the spatial distribution of suitable and less suitable habitat was fixed between model runs for each scenario (Fig. 1) . In the warming ocean temperature scenarios, we elevated the annual average temperature by 3°C (Fig. 2) .
Poaching has been a great concern for endangered marine species (Crowder et al. 1994) , and thus in this study, we also explored the impacts of poaching on stocking strategies. We implemented poaching by taking 10% of large abalone (≥80 mm) every year (at the beginning of each year) in scenarios where 50% suitable and 50% less suitable habitat cells were randomly distributed. Abalone with sizes of 20, 40, and 80 mm were stocked at normal and high temperatures with 500 initial resident abalone, and 70% stocked abalone were distributed in suitable habitat and 30% in less suitable habitat. Under each scenario, we ran the model for 100 yr, and tracked the population size and recruitment over time. In this study, we did not have data to validate the individual-based model for white abalone, a problem which is typical for endangered species. In some species with abundant data, the performance of the model can be validated (Grimm 1999) . For example, Chang et al. (2010) evaluated an individual-based model by comparing the modeled seasonal size distribution with the observed distribution for landed lobsters. Thus, due to data limitations in the case of white abalone, we interpreted our model results in a relative way, as suggested by Beissinger & Westphal (1998) , instead of focusing on the absolute values of the quantity of interest under each scenario. In this way, we examined the model scenarios that yielded the best recovery results relative to the other scenarios.
RESULTS
Model results for the scenarios with stocked abalone randomly distributed were similar to those for the scenarios with stocked abalone in clustered distributions. Thus, in this paper, we only show the results of the latter scenarios because typically animals are clustered when first stocked.
Efficacy of stocking strategies
The model runs with 500 initial resident abalone compared with no resident runs yielded a larger population size, a higher proportion of intermediatesized individuals, and a higher recruitment, with a slower decline, especially at normal temperature (Figs. 5−7) . The intermediate-size proportion in these scenarios was stabilized at a level of approximately 10% of the population under normal temperatures (Fig. 7) .
Stocking larger-sized abalone was more efficient in terms of boosting population size and recruitment, especially at normal temperatures (Figs. 5 & 6) . When there were no initial residents, stocking larger abalone also produced a higher proportion and a more stable intermediate-size class in the population than stocking smaller abalone (Fig. 7) . However, size of the stocked abalone had little impact on intermediate-size proportion in the scenarios with 500 resident abalone.
Influence of habitat spatial structure and warming ocean temperature on stocking strategies
The percentage of suitable habitat (50% versus 30%) showed less of an impact on population dynamics in the scenarios with no initial residents, compared to the scenarios with 500 initial resident abalone. In the scenarios with 500 initial residents, more suitable habitat resulted in a longer time period with a sustained population (i.e. a slower decrease in population size and recruitment), and a slightly higher proportion of intermediate-size abalone (Fig. 7) . Spatial distribution of habitat cells (i.e. random versus clustered) did not greatly affect population size (Fig. 5 ) and intermediate-size proportion (Fig. 7) , but did influence recruitment. Recruitment decreased more slowly in the habitats with randomly distributed habitat cells than in those with clustered habitat cells (Fig. 6 ).
Model runs with higher temperatures resulted in a faster decrease in population size, intermediate-size proportion, and recruitment. Higher temperatures in the model led to population extinction 80 yr sooner for all stocked sizes even when the initial resident population was present. The responses of abalone populations to elevated temperatures became more obvious in the scenarios with 500 initial residents (Figs. 5−7) . Under optimal temperatures, when the resident population was locally extinct, the largest stocked abalone (80 mm) persisted at least 80 yr longer than in other scenarios, highlighting the importance of temperature for persistence.
Impacts of poaching on stocking strategies
Poaching imposed serious threats to the success of restoration strategies in our model population, especially in the high-temperature scenarios (Fig. 8) . Compared to the scenarios without poaching (plots in the first row, right column of Figs. 5−7), when poaching occurred every year, the modeled white abalone population declined dramatically and went extinct at least 70 yr sooner under normal temperature and 10 yr sooner under high temperature, compared to the scenarios without poaching at normal and high temperatures, respectively; the annual population size was approximately 20% smaller (Fig. 8) . Poaching led to a decline in intermediate-size proportion and a sharp drop in annual recruitment, with recruitment being reduced to 0 within 30 yr. Poaching cut annual recruitment by 25% under normal temperatures and nearly halved the annual recruitment under the high-temperature scenario.
DISCUSSION
Factors influencing restoration strategies
There is an increasing awareness of the importance of spatial structure in population dynamics In this illustration, 50% suitable and 50% less suitable habitat cells were randomly distributed, abalone with sizes of 20, 40, and 80 mm were stocked at normal and high temperatures with 500 initial resident abalone, and 70% stocked abalone were distributed in suitable habitat and 30% in less suitable habitat. The simulation was run for 100 yr and fisheries management (e.g. Booth 2000 , Hutchings 2000 , Lorenzen et al. 2010 . Inclusion of the spatial dynamics in fishery and conservation evaluations can help elucidate metapopulation structure (Lipcius et al. 2008 , Secor et al. 2009 , Ying et al. 2011 , movement, and migratory patterns (Goethel et al. 2011) , as well as aid in restoration planning for endangered species. Ignoring spatial structure of the habitat or the population may lead to erroneous estimates of population abundance and species' life history parameters (Swartzman et al. 1992 , Booth 2000 , Ying et al. 2011 , and may even lead to failed management or restoration actions (Hutchings 2000 , Hutchinson 2008 . In this study, we explored the spatial structure of habitat (percentage of suitable habitat and spatial distribution of habitat cells) and the spatial structure of the population (random or clustered distribution of stocked abalone), contributing to the body of work that explores the importance of spatial structure in population dynamics and conservation. Spatial structure of the habitat influences the population spatial structure by providing a mosaic of suitable habitat, movement passages, and spatially heterogeneous resources (Dunning et al. 1992 , Wiens et al. 1993 . Populations may also be spatially structured as a result of dispersal and movement of individuals at certain life stages (Dieckmann et al. 1999 ). In the case of white abalone, larval dispersal is a source of structuring populations in space, but this was not explicitly explored in our model. Stocking strategies (e.g. where and how to distribute stocked juvenile abalones) may also contribute to the population spatial structure because abalones have limited movement after settlement (Shepherd 1973 , Tutschulte 1976 , Hobday & Tegner 2000 . Although in our simulation, spatial distribution of stocked juveniles showed little impact, studies have indicated that long-lived species are more likely to be influenced by the population spatial structure, e.g. Atlantic cod Gadus morhua (Hutchings 2000) and red king crab Paralithodes camtschaticus (Orensanz et al. 1998) . Thus, population spatial structure of a longlived endangered species should be evaluated in making restoration strategies.
The White Abalone Recovery Plan (NMFS 2008) establishes downlisting criteria based on both density and size structure (the proportion of intermediate-sized, 90−130 mm abalone) which can be evaluated using a modeling framework. Our modeling study showed that the presence of an initial resident population in the habitat had a positive impact on the restoration outcomes compared with no initial white abalone in the habitat (Figs. 5−7) . This result suggested that even a low number of abalone (e.g. 500 ha −1 in this study), below the minimum population size required for downlisting (2000 ha −1 ; NMFS 2008) is far better for restoration compared with a habitat from which the species has already gone locally extinct. Due to the failure of reproduction and poor recruitment in wild populations resulting from low density, wild populations are likely dominated by older adults. Stocking juveniles (40−80 mm) to the population may help balance the size distribution and better sustain the population by providing animals for future reproduction. Also, as shown in this study, stocking larger juveniles may modify population size/density but had little effect on the proportion of intermediate-sized individuals. Only stocking at normal temperatures combined with stocking at a location with an initial resident population led to a consistent proportion of intermediate-sized abalone (Fig. 7) . These results highlight the importance of starting restoration actions sooner rather than later before there are no abalone left in the stocking areas.
In the model, temperature played an extremely important role in modifying the population dynamics and restoration efficacy of white abalone. It also poses a challenge to white abalone restoration under a changing climate, with a warmer ocean temperature predicted for the California coast (Hoegh-Guldberg et al. 2007 ). With only a 3°C elevation in annual average temperature in the model, endangered abalone populations went extinct 80 yr earlier.
According to our model results, stocking larger juveniles enhanced the model populations, even at locations with initially no resident abalone (Figs. 5−7) . The benefit of stocking larger abalone has been recognized in other studies (e.g. RogersBennett & Leaf 2006 , Li & Jiao 2015 . However, in practice, raising juveniles in the hatchery to larger sizes before stocking increases the costs and may reduce the ability of stocked animals to adapt to the wild environment (NMFS 2008 , Straus & Friedman 2009 . Using the growth parameters under the most suitable temperature (15−23°C) in this study as an example, juvenile abalone would reach the largest stocked size that we tested (80 mm) at around 4 yr of age. Thus, restoration efforts need to balance the efficacy of stocking larger abalone with the additional time/hatchery costs.
Poaching had a major negative impact on the model white abalone population, with 10% poaching every year resulting in recruitment failure and accelerating population extinction. Abalone poach-ing has been a global concern threatening the sustainability of abalone fisheries worldwide (Hauck & Sweijd 1999 , Jamieson 2001 , Huchette & Clavier 2004 , Rogers-Bennett & Melvin 2007 . In California, where the recreational red abalone fishery north of San Francisco is the only abalone fishery open in the state, thousands of wild red abalone are unlawfully sold every year (Daniels & Floren 1998 , Gordon & Cook 2004 , Rogers-Bennett & Melvin 2007 . In South Africa, illegal take of abalone could be as great as legal take, which raises socioeconomic and political conflict, and imposes great challenges for cooperative fisheries management (Hauck & Sweijd 1999 , Tarr 2000 . Any restoration plan will need to make careful recommendations to prevent poaching, since this alone could lead to failure of restoration efforts contributing to the extinction of the species.
Assumptions and interpretation of the model
Although our model was developed for hypothetical space, we aimed to provide a modeling framework that can easily be applied to an actual habitat location, making the model spatially explicit. Developing such a spatially explicit model, we will need to define the boundaries of habitat cells and to determine the habitat quality for each cell. In the case of white abalone, suitable habitat can be determined based on geomorphic (e.g. flat seafloor covered with sand) and ecological (e.g. abundant brown algae) features (Hobday & Tegner 2000 , Butler et al. 2006 , as well as ocean temperature and existing resident density.
We expected the spatial distribution of habitat cells (i.e. random or clustered) to be as important as the percent of suitable habitat in influencing the population dynamics of abalone. However, our study did not support this hypothesis (Figs. 5−7) . One possible reason may be that the differences between suitable and less suitable habitats defined in our model (e.g. the scalar of 1 for suitable habitat versus 0.75 for less suitable habitat) were not big enough to lead to large differences in model outcomes. A series of model runs with different habitat scalars could be used in future studies to further test this hypothesis.
We did not incorporate larval dispersal in our model. The model does allow for this feature to be added in other applications. We also did not incorporate current-driven larval dispersal. One of the difficulties with modeling this feature is that the ocean current is very dynamic over time, and the modeled time step needs to be small enough (e.g. hourly) to capture its dynamics, which would require more intensive computation, especially for long-lived species like abalone. These features could be further developed in future applications of the model.
CONCLUSIONS
We developed an individual-based model that explicitly incorporated temperature-, density-, and habitat-dependent life history processes for an endangered marine broadcast spawner. This model provides a framework for evaluating potential restoration strategies under different habitat spatial structure scenarios. Using white abalone in southern California as an example, we demonstrated how we can use this modeling framework and apply it to inform restoration of endangered marine broadcast spawners. Restoration of white abalone would be more successful when starting at a location with resident abalone and stocking larger sized abalone, although stocking efforts need to balance the efficacy of stocking larger abalone with the additional laboratory cost. These results highlight the importance of starting restoration in the ocean before all wild white abalone have died off or are taken illegally. Further, our results showed that stocking abalone inside areas with a higher percentage of suitable habitats yielded more persistent abalone populations compared to scenarios with less suitable habitat; however, the spatial distribution of suitable habitat cells (i.e. random or clustered) and the spatial distribution of stocked abalone (random or clustered) had less effect. The model results highlight 2 major threats for white abalone restoration in the future: (1) ocean warming and (2) poaching, both of which will require careful planning when implementing future restoration strategies.
